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Abstract 15 

Despite the wide occurrence of colour deposits adhering to the surfaces of several artefacts 16 

(specifically, pottery and lithic tools) in Early and Middle Neolithic sites of the Western 17 

Mediterranean regions, the chaîne opératoire of colouring materials has not been frequently 18 

addressed by systematic techno-functional studies. Particularly, the relationship between pottery 19 

function and coloured contents is generally overlooked.  20 

In this paper, the use of colouring materials by Middle Neolithic (4500-4000 cal BC) societies in 21 

Sardinia (Italy) is investigated, focusing on the archaeological findings from the open-air settlement 22 

of Su Mulinu Mannu-Terralba (OR). The aims are to identify the kind of materials, to provide a first 23 

assessment of the production methods and to evaluate the role assigned to pottery vessels in 24 

processing, handling, and using colouring materials. For these purposes, we apply an 25 

interdisciplinary approach, combining analysis of lithic artefacts, use-wear analysis of pottery, 26 

archaeometric identification of the chemical and mineralogical composition of geomaterials and 27 

colour deposits on artefacts by PXRD, ATR-FTIR and SEM-EDS analyses, and biomolecular 28 

analysis of organic residues from pottery by GC-FID and GC-MS.  29 

This study reveals the use of haematite-rich ochre as the exclusive red colour-producing 30 

geomaterial, processed in situ with basalt macro-tools. Use-wear associated with ochre deposits on 31 

pottery vessels points to the selection of some bowls and jars, respectively for processing and 32 

storing ochre as the single content or, possibly, as an ingredient of composite products. However, 33 

based on our data, the addition of organic materials to ochre is not definitely demonstrated. Beside 34 

the preparation of pigments, the occurrence of ochre as content in pottery vessels could be related to 35 

a broader range of purposes, encompassing both the technical and the symbolic realm. Overall, 36 

these results provide insights both on the technology of “colouring materials” and the use of pottery 37 

in the practices of Middle Neolithic groups. 38 
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Highlights 44 

- Investigation into the chaîne opératoire of ochre in a Middle Neolithic settlement 45 

- Colour deposits and absorbed residues analysed by PXRD, ATR-FTIR, SEM-EDS and GC 46 

- Use of haematite-rich ochre as the exclusive red colour-producing geomaterial 47 

- Ochre processing with basalt stone tools, handling, storing and use in pottery 48 

- Possible uses of ochre for multiple purposes in technical and symbolical practices 49 

 50 

1. INTRODUCTION  51 

The interest in colouring materials was deeply embedded in the technical and symbolic systems of 52 

Early and Middle Neolithic communities across central and northern Europe and the western 53 

Mediterranean regions (Tanda 2003; Bernabeu Aubán et al. 2008; Volante 2015; Hamon et al. 54 

2016; Pradeau et al. 2016; Angeli et al. 2019; Gliozzo 2021). Considerable archaeological evidence 55 

exists for the peninsular and insular regions of present Italy, where the main recognised uses of 56 

colouring materials were as pigments: (i) in the decoration of artefacts such as pottery (Colombo, 57 

Boschian 2009; Fabbri et al. 2013; Giustetto et al. 2013; Quarta et al. 2018; Angeli et al. 2018, 58 

2019; Armetta et al. 2023), anthropomorphic and zoomorphic figurines (Dal Rì et al. 2001; 59 

Fugazzola Delpino, Tinè 2002-2003; Colombo 2012; Ferrari, Pessina 2012; Grifoni Cremonesi, 60 

Pedrotti 2012; Gorgoglione et al. 2012; Bernabò Brea, Mazzieri 2014), personal ornaments (Dal Rì 61 

et al. 2001; Mazzieri, Micheli 2014), bone tools (Grifoni 1967; Colombo 2006), pebbles (Grifoni 62 

1967; Cassano et al. 2003), (ii) in rock painting (Graziosi 1973, 1980), and (iii) possibly in 63 

decorating body and/or perishable objects, as suggested by colour traces on clay stamps 64 

(Serradimigni 2012; De Pascale 2014). Red pigments, such as ochre and cinnabar, were also a 65 

component of funerary behaviour, distinguishing several burials (Cipolloni-Sampò 1982; Santoni 66 

1982; Dal Rì et al. 2001; Grifoni Cremonesi, Radmilli 2001; Odetti 2003; Ucelli Gnesutta 2003; 67 

Quarta et al. 2006; Zemour et al. 2017; Zemour 2019; Sparacello et al. 2019). Parallelly, the use of 68 

ochre for its multiple complementary properties, other than colouring (abrasive, drying, 69 

antimicrobial, preservative), is probably underestimated (Audouin, Plisson 1982; Pradeau et al. 70 

2014: p. 653). 71 

Pigments can be obtained from different geomaterials through various processes, including rubbing, 72 

reduction, grinding, sieving and sometimes decantation; they can be used as powders or in a liquid 73 

medium, sometimes with the addition of organic binders and/or mineral charges (Hodgskiss 2010; 74 

Pradeau et al. 2016; Horn 2018; Mastrotheodoros, Beltsios 2022; Domingo, Chieli 2021; Salomon 75 

et al. 2021). An in-depth archaeometric study revealed the exploitation of a wide range of colour-76 

producing geomaterials during the 6th and the 5th millennium cal BCE in the north-western 77 

Mediterranean (Pradeau et al. 2016). Some clues of the technical actions carried out to obtain 78 

colouring materials are: raw and semi-processed geomaterials as chunks in the archaeological layers 79 

or powders in pottery vessels, lithic macro-tools bearing colour traces, and residues on the surfaces 80 

of pottery sherds and vases (for example, Grifoni 1967; Passeri 1970; Trump 1983; Camps 1988; 81 

Guerri 1988a-b; Barra et al. 1990; Germanà et al. 1990; Zamagni 2007; Fugazzola Delpino 2002; 82 

Tanda 2003; Ucelli Gnesutta 2003; Antona 2013; Pradeau et al. 2016; Daura et al. 2019). 83 

Nevertheless, the chaîne opératoire of colouring materials has not been frequently addressed by 84 

systematic techno-functional studies in European Neolithic contexts (García Borja et al. 2006; 85 

Domingo et al. 2012; Hamon et al. 2016; Pradeau et al. 2016; Defrasne et al. 2019). In the last 86 

fifteen years, an increasing attention has been deserved mainly to the archaeometric characterisation 87 

of pigments used in painted decorations or incrusted fillings in incised/impressed decorations of 88 



early and middle Neolithic pottery from peninsular Italy. These studies revealed the use of carbon 89 

black and manganese oxides as black pigments, haematite and sometimes cinnabar for red colours, 90 

and calcite, talc and hydroxyapatite for the white ones (Angeli et al. 2006, 2011; Giustetto et al. 91 

2013; Quarta et al. 2018; Angeli et al. 2018, 2019). Contrariwise, colouring materials as residues of 92 

the original content of pottery vessels have been rarely investigated through archaeometric and 93 

functional approaches (Maniatis, Tsirtsoni 2004; Mioč et al. 2004; Gajić-Kvaščev et al. 2012; 94 

Pradeau 2015; Drieu et al. 2020). Consequently, despite the reported occurrence of colour residues 95 

on the surfaces of vessels, the relation linking pottery function and chaîne opératoire of colouring 96 

materials is generally overlooked. 97 

In this work, we focused on the exploitation of colouring materials during Early and Middle 98 

Neolithic (6th-5th millennia cal BCE) in Sardinia (Italy), an insular region, whose geographical 99 

position far away from mainland and in the middle of the Western Mediterranean is particularly 100 

stimulating for the study of overseas human mobility and the subsequent diffusion of techniques 101 

and symbolic behaviour during the different phases of Neolithic (fig. 1; Lugliè 2018a; Fanti et al. 102 

2018; Paba et al. 2021). After reviewing the available information, we investigated all the set of 103 

data traceable back to the cycle of production, storing and use of colouring materials from the 104 

middle Neolithic open-air site of Su Mulinu Mannu-Terralba (OR). The specific aims were: (i) to 105 

identify which colour-producing geomaterials were selected and used, (ii) to assess how colouring 106 

materials were processed, handled and utilised, (iii) to evaluate the role assigned to pottery vessels 107 

in the different phases of processing, storing and using colouring materials, in the broader 108 

framework of the functional structure of the ceramic assemblage. For these purposes, we applied an 109 

interdisciplinary functional approach, integrating use-wear analysis of pottery, analysis of lithic 110 

artefacts, archaeometric identification of the chemical and mineralogical composition of 111 

geomaterials and colour deposits on tools through powder X-ray diffraction (PXRD), attenuated 112 

total reflectance (ATR-FTIR) analyses, scanning electron microscopy – energy dispersive X-ray 113 

spectroscopy (SEM-EDS), and biomolecular analysis of organic residues from pottery by gas 114 

chromatography coupled with a flame ionization detector (GC-FID) and a mass spectrometer (GC-115 

MS). A broader objective is to contribute with our results to the knowledge of the technology and 116 

potential multiple uses of colour-producing geomaterials in the domestic and ritual activities of 117 

Early and Middle Neolithic groups of Western Mediterranean regions. 118 

 119 



 120 

Fig.  1. Sites with reported use of colouring materials in Sardinia during the 6th and 5th millennium cal BCE (left) and 121 
chronology and phases of Sardinian Early and Middle Neolithic (right). Red squares: Early Neolithic sites; blue dots: 122 
Middle Neolithic A-Bonu Ighinu sites; green dots: Middle Neolithic B-San Ciriaco sites; green star: Su Mulinu Mannu-123 
Terralba (OR); yellow triangle: geological source; 1-2: Li Muri and La Macciunitta proto-megalithic graves-Arzachena 124 
(SS), 3: Su Coloru cave-Laerru (SS); 4: Contraguda open-air site-Perfugas (SS); 5: Grotta dell’Inferno (cave)-Muros 125 
(SS); 6: Luzzanas or Sant’Antioco di Bisarcio (?)-Ozieri (SS); 7: Grotta Verde (cave)-Alghero (SS), 8: Sa Korona di 126 
Monte Majore cave-Thiesi (SS), 9: Filiestru cave-Mara (SS), 10: Grotta Rifugio (cave)-Oliena (NU), 11: Su Anzu 127 
(funerary site?)-Narbolia (OR); 12: Cuccuru is Arrius necropolis-Cabras (OR); 13: Su Cungiau de is Fundamentas 128 
open-air site-Simaxis (OR); 14: San Ciriaco open-air site-Terralba (OR), 15: Su Mulinu Mannu open-air site-Terralba 129 
(OR), 16: Bau Angius (burial?)-Terralba (OR); 17: Coddu is Abionis open-air site-Terralba (OR); 18: Puisteris open-air 130 
site-Mogoro (OR); 19: Sa Mandara open-air site-Samassi (CA); 20: Tanca Fara/Forada Campana open-air site-Villasor 131 
(CA); 21: Bingia Eccia (burial)-Dolianova (CA); 22: Grotta del Bagno Penale (cave)-Cagliari (CA); 23: San 132 
Bartolomeo cave-Cagliari (CA); 24: Grotta dei Fiori (cave)-Carbonia (CI); 25: Cannas di Sotto tomb-Carbonia (CI); 26: 133 
Becco geological source of iron oxides and manganese oxides-San Pietro island (CI). TLCW facies: Tyrrhenian linear 134 
carved ware facies; MNA: Middle Neolithic A; MNB: Middle Neolithic B (Map and image: L. Fanti). 135 

 136 

2. THE USE OF “COLOURING MATERIALS” IN SARDINIA BETWEEN THE 6TH AND THE 5TH 137 

MILLENNIUM CAL BCE: STATE OF ART AND CONTEXT OF THE STUDY 138 

The neolithisation of the island of Sardinia was promoted by the repeated movements of human 139 

groups across the western Mediterranean and particularly in the northern Tyrrhenian area, 140 

connecting mainland and insular regions first within the framework of the Cardial ware koiné and 141 

the subsequent Epicardial and Tyrrhenian linear carved ware facies (Early Neolithic, 6th 142 

millennium cal BC), then contributing to shape the features of the regional cultures through 143 



unceasing contacts and exchange during the middle Neolithic (5th millennium cal BCE) (fig. 1; 144 

Lugliè 2018a; Fanti et al. 2018, fig. 1,b; Paba et al. 2021; Lugliè 2020a). 145 

As regards the use of colouring materials, the earliest evidence in Sardinia came from two 146 

Mesolithic sites, where red ochre was associated with burials (Lugliè 2018a); afterwards, it was 147 

integrated in technical activities and symbolic expressions of the human groups since the first 148 

Neolithic phases (table 1, supplementary file 1). 149 

Table 1. Synoptic table about the use of colouring materials in Sardinia during the Early and Middle Neolithic phases. 150 
Unless otherwise specified, data refer to “red ochre”. The numbers between parentheses correspond to the numbered 151 
sites in fig. 1 (see text and supplementary file 1 for detailed bibliographic references; *tentatively assigned to MNA 152 
phase). 153 

 Phase 

EN  

Cardial  

EN Epicardial / 

Tyrrhenian linear 

carved ware 

phase 

MNA  

Bonu Ighinu 

MNB  

San Ciriaco  

 6th millennium cal BCE 5th millennium cal BCE 

Raw or semi-

processed 

geomaterials 

Lumps in the 

sediment (8) 

Semi-processed? 

(iron oxide, 

manganese oxide) 

(9) 

  

Processing tools  Basalt ground 

stone and 

handstone (9) 

Basalt discoidal flat-

handstone (10)* 

Handstones 

(1?, 14) 

Storing in pottery 

vessels 

 Closed deep jars 

with handles (iron 

oxide, manganese 

oxide) (9) 

  

Use in pottery 

decoration and 

surface treatment 

Incrustation on 

cardial decoration 

(3, 8) 

Application of red 

slip on surfaces (9) 

Application of red 

slip on surfaces (3, 

7, 9) 

Painted pottery (7, 

8) 

White filling in 

impressed and incised 

decoration? (5, 22) 

Filling in incised 

decoration: red (23); 

white(?) (4, 12, 18, 20) 

Red filling in excised 

decoration or layer on all 

the surface? (24) 

Decoration or 

residues (?) on 

stone artefacts 

Red decoration on 

engraved pebbles 

or colour residues 

on stone stamps 

(17) 

  Red traces (painting?) on 

incised decoration of 

stone vessel (13) 

Residues on 

anthropomorphic 

figur(in)es 

  Red traces on stone 

(11, 16) and bone (6) 

figurines, perhaps from 

destroyed burials 

Red and bluish-black 

traces of coloured 

decoration on sculpted 

stone figures (19) 

Red traces on bone 

figurine (25) 

Use in caves (8) (9) (10*, 23) (23, 24) 

Use in funerary 

and ritual 

contexts 

  Hypogeal graves (12) 

Cave burial? (23) 

Undetermined burials? 

(11, 16) 

Proto-megalitic graves (1, 

2) 

Undetermined hypogeal 

burial (21) 

Hypogeal burial (25) 

Undetermined context 

(19) 

Use in open-air 

settlements 

Red decoration on 

engraved pebbles 

or colour residues 

on stone stamps 

(17) 

  Pottery decoration? (white 

residues?) (4, 12, 18, 20) 

Unknown activities (red 

residues on tools: 14) 



Identification of 

geomaterials by 

archaeometric 

analysis 

 Iron oxide 

Manganese oxide  

(9) 

  

 154 

Overall, the available data about the use of colouring materials during the Early and Middle 155 

Neolithic in Sardinia are discontinued and fragmentary, also due to the scantiness of contextualised 156 

findings from excavated sites. The identification of geomaterials is limited to a single Early 157 

Neolithic site (Tanda 2003) and the provenance of raw materials remains to be determined. A 158 

putative source for central-southern Sardinia has been identified at Becco-San Pietro Island (fig. 1), 159 

where geological deposits of haematite, limonite and manganese oxides occur in association with 160 

jasper outcrops, exploited as lithic raw material in several Neolithic sites (Lugliè 2005, 2020b; 161 

Lugliè et al. 2006, 2007). In the Early Neolithic, the use of colouring materials, mainly red ochre, is 162 

attested by dispersed residual chunks in the archaeological layers and storage of minerals in vessels; 163 

their main application was in decorating, which encompasses both technology and symbolic 164 

behaviour (Tanda 1980; Foschi 1982; Trump 1983; Lo Schiavo 1985, 1987; Foschi Nieddu 1987, 165 

2002; Tanda 2003; Pitzalis et al. 2004; Lugliè, Pinna 2012; Fenu 2013; Fanti 2020). In the Middle 166 

Neolithic, the role of red colouring materials was deeply interconnected with the funerary and/or 167 

ritual sphere, whereas its use in domestic contexts and in artefact decoration seems to have been 168 

rare and dedicated to special items, such as anthropomorphic figure(in)es (Puglisi 1942; Atzeni 169 

1975; Santoni 1982; Ferrarese Ceruti 1992; Guilaine 1996; Lilliu 1999; Antona 1998; Santoni 2000; 170 

Antona 2003; Lugliè 2004; Santoni 2012; Antona 2013; Lugliè 2017, 2018b; Antona 2020; Salis 171 

2020). Lithic macro-tools were constantly employed for processing in almost all phases (Trump 172 

1983; Agosti et al. 1980; Santoni et al. 1997). Some authors reported residues of white fillings in 173 

impressed or incised decorations of MNA and MNB pottery (Santoni et al. 1997; Lilliu 1999; 174 

Marras 1999; Fenu 2017). However, many Sardinian archaeological sites are frequently affected by 175 

post-depositional carbonate concretions (Fanti et al. 2018), whose appearance inside decorations 176 

could mimic intentional deposits. Therefore, these data should be considered with caution and need 177 

an accurate assessment to verify if the white residues resulted from a deliberate human activity or 178 

taphonomic alteration (Fanti 2019). 179 

In this highly incomplete framework, the site of Su Mulinu Mannu-Terralba (TMM), offered the 180 

opportunity to learn more about the production and use of colouring materials by the MNB groups. 181 

This open-air site, located near the eponym site of San Ciriaco-Terralba (OR), is one of the few 182 

excavated and radiocarbon dated MNB settlements (Fanti 2015), characterised by irregular pits, 183 

such as the structure S2, containing large amounts of pottery sherds, ground stone and chipped 184 

stone artefacts, faunal and botanical remains (fig. 2; Fanti et al. 2018: fig. 2, c). Previous studies of 185 

this context enhanced knowledge of the lifeways and household activities of Sardinian MNB 186 

societies (Ucchesu et al. 2017; Fanti et al. 2018; Fanti 2019). The whole functional structure of the 187 

pottery assemblage was determined through interdisciplinary research, allowing the direct 188 

identification of the resources processed, stored, and consumed in the site through the biomolecular 189 

and isotopic analysis of organic residues absorbed into the vessel walls: mainly, adipose ruminant 190 

fats, dairy and plant products (Fanti 2015; Fanti et al. 2018). Additionally, in some vessels, direct 191 

evidence of the early content was the presence of red or yellow-orange deposits adhering to the 192 

exterior and/or interior surfaces, suggesting the use of pottery in relation with colouring materials 193 

(Fanti 2015). Recently, similar red deposits have been detected also on other categories of remains 194 

from the same site, such as lithic macrotools, together with chunks of colour-producing 195 

geomaterials. Thus, in the site of TMM, several clues on both the production and use of colouring 196 



materials were associated in a MNB household context, allowing the application of an 197 

interdisciplinary functional approach to start addressing this issue in a more systematic way. 198 

 199 

 200 

Fig.  2. Su Mulinu Mannu-Terralba (OR): the S2 pit under excavation. On the left, in section, the fragment of the 201 
grinding slab TMM12952 (TMM_gs1), bearing red residues (Photo: C. Lugliè).  202 

 203 

3. MATERIALS AND METHODS  204 

3.1 Analysis of lithic artefacts and geological samples 205 

The macrolithic collection of TMM, including several grinding tools, such as grinding slabs, flat-206 
handstones and pestles, has been examined in its entirety (30 elements). After a first assessment of 207 

the lithic assemblage, the items showing coloured residues (red and/or white) were selected for a 208 
more detailed analysis. Although the deposits were often easily recognisable with the naked eye, all 209 

these elements were submitted to observation through a stereomicroscope (Euromex ZE 1671, 10x 210 
to 60x), in order to detect even very marginal traces. As a result, a total of nine fragments of 211 
different grinding slabs and a flat handstone with red deposits, and one pestle with red and white 212 
residues, all made on volcanic rocks (mainly basalt), were identified (fig. 3).  213 
Three small chunks of red mineral (≤ 1 cm) were found in association with other archaeological 214 

remains (fig. 3). These cohesive materials with good pigmenting properties (Defrasne et al. 2019) 215 
had mostly soft hardness (Mohs scale 1 and 2) and their surface colour was similar to the colour of 216 
the red powder they produced.  217 
A sample of this geomaterial (TMM_geo_cm), together with colour residues on two grinding slabs 218 
(TMM_gs1_rd, TMM_gs2_rd) were analysed by XRD, ATR-FTIR, and SEM-EDX, while the 219 
white residue on the pestle (TMM_pst_wd) was analysed by SEM-EDX due to its low amount 220 
(table 2). Furthermore, a geological basalt cobble (TMM_geo_bas), unearthed at the same site, was 221 



analysed as a reference sample for the mineralogical composition (XRD, ATR-FTIR) of the ground 222 

stone tools together with a sample of the archaeological soil (TMM_soil, from the US1029), in 223 
order to discriminate potential contaminations in the red deposits on the artefacts, arising from the 224 

contact with the soil and/or the attrition on the lithic tools in the mechanical processing of colouring 225 
materials.  226 
 227 

 228 
Fig.  3. Lithic macro-tools and geomaterials from the TMM site: 1) TMM12952 (TMM_gs1) and 2) TMM F32971 229 
(TMM_gs2): grinding slab fragments, workface (showing colour residues) and section; 3) TMM F36516 (TMM_pst): 230 
pestle; 4) TMM_geo_cm: small chunks of red mineral (Photos and image: B. Melosu). 231 

 232 
3.2 Functional analysis of the pottery assemblage 233 

Pottery from TMM (more than 5000 sherds) was highly fragmented, but systematic refitting led to 234 
reconstruct a minimum number of 138 vessels with different morphology and dimensions: bowls, 235 
jars, ladle-bowls, cooking pots and big-size vessels (Fanti et al. 2018). Functional analysis was 236 



conducted following the methodology fully detailed in Fanti et al. 2018, Fanti 2019, combining 237 

morpho-typology, morphometry and use-wear data. In this work, use-wear was investigated through 238 
macroscopic and microscopic observation by stereomicroscope (low magnification: 10x-60x), with 239 

the specific aim of recording attritions and colour deposits. As observed in the literature, the 240 
occurrence of red deposits on archaeological artefacts can result from intentional application, 241 
indirect staining, or natural deposition caused by taphonomic alteration (Howard 2010; Velliky et 242 
al. 2018). In order to distinguish among these three potential processes of formation of red deposits 243 
on the TMM vessels, the same principles applied for the discrimination of use-alteration from post-244 

depositional unintentional traces were taken into consideration: (i) presence of a discrete pattern on 245 
the surfaces (evaluation of position and distribution of the residues), (ii) continuity of traces on 246 
adjoining sherds, (iii) site-specific taphonomic alterations (Skibo 2013; Vieugué 2014; Fanti 2019; 247 
Debels et al. 2023). Specifically, the position (interior/exterior surface, upper/medium/lower portion 248 
of the vessel), appearance (colour, morphology, thickness) and distribution (localised, covering) of 249 

residues, and attritions (linear scratches, abraded areas) on the pottery surfaces were recorded and 250 

considered in relation with vessel morphology and morphometry and its main technological features 251 

(type of paste, surface treatment). 252 
Colour residues (TMM_pvX_xx_rd) and pottery (TMM_pvX_xx_p) were sampled, when possible, 253 

respectively for archaeometric characterisation and organic residue analysis, as detailed in the 254 

following paragraphs. 255 

 256 
3.3 Archaeometric characterisation of colour residues 257 

The archaeometric characterisation of the colour residues on the lithic tools and pottery vessels 258 
involves the study of the crystalline phases, the elemental composition, the micromorphology and 259 

the analysis of eventual residues of organic binders (Mastrotheodoros, Beltsios 2022).  260 
Several analytical techniques are currently used for the determination of the mineralogical and 261 

elemental composition of colouring materials (Dayet 2021; Domingo, Chieli 2021; 262 
Mastrotheodoros, Beltsios 2022; Popelka-Filcoff, Zipkin 2022). The sampling and the choice of 263 
techniques for the analysis of different materials from TMM was influenced by the effective amount 264 

of red deposits on the artefact surfaces: in some cases, only one technique was applicable (e.g., 265 
SEM-EDS analysis), due to the small amount of residues (table 2). The sampling was conducted 266 

directly on the colour residues or by separately removing different layers from an area of the pottery 267 
vessel where a colour residue was identified (fig. 4, table 2). In the sampling of pottery for the 268 
analysis of absorbed residues, the exposed surfaces are usually discarded to minimise contamination 269 
from soil and handling of sherds (Heron et al. 1991; Whelton et al. 2021). This approach was 270 

carried out to reach the inner part of the pottery sample for organic residue analysis, but the outer 271 
layers were used in order to get information on the inorganic components (fig. 4; see 3.4 for further 272 
details). 273 

 274 
 275 
Fig.  4. Sketch of the sampling approach used on the pottery sherds to select the samples for the archaeometric analyses 276 
(Image: V. Mameli, L. Fanti). 277 



 278 

 279 
XRD analysis was performed to identify the mineralogical composition of the chunk of red 280 

colouring geomaterial (TMM_geo_cm), the colour residues on lithic tools (TMM_gsX_rd) or 281 
pottery vessels (TMM_pvX_xx_rd), the pottery matrix (TMM_pvX_xx_p), and some reference 282 
materials (TMM_soil, TMM_geo_bas).  283 
ATR spectra were acquired to confirm the mineralogical composition through the identification of 284 
the main vibrational modes associated with the functional groups.  285 

SEM-EDS analysis was applied in order to observe the morphology of red deposits and to identify 286 
the chemical composition of the colour materials, investigating, as an example, the occurrence of 287 
iron (pointing to an iron oxydes/hydroxydes-based pigment) and/or mercury (indicating the 288 
presence of cinnabar), possibly in association with other significant elements (calcium, manganese, 289 
etc.; Domingo et al. 2012; Pradeau et al. 2016; Gliozzo 2021).  290 

Detailed information on the instruments and protocols is provided in Supplementary file 2. 291 

 292 

3.4 Biomolecular analysis of organic residues from pottery vessels 293 

Many attempts to detect residues of organic binders, eventually added to the pigments, have been 294 
reported in the literature, especially on prehistoric rock paintings; nevertheless, their identification 295 

remains highly challenging (Spades, Russ 2005; Domingo, Chieli 2021). This can be a crucial issue 296 
also for the residues adhering to pottery vessels, especially if they are preserved in very low amount 297 
and/or as a thin layer, because they would be difficulty separated from the adhering sediment, often 298 

containing organic compounds (Heron et al. 1991; Whelton et al. 2021). Unfortunately, the amount 299 
of red deposits from the TMM artefacts was insufficient for extraction and GC analysis. However, 300 

an advantage considering residues from vessels is the capability of pottery to absorb liquid or 301 
viscous contents, whose traces could have been preserved into the pottery walls.  302 

Organic residues can be absorbed and often altered during all the vessel lifecycle, depending on 303 

multiple factors, such as the physical properties of pottery, the modalities of use, the kind of 304 

contents, the environmental and burial conditions, and the post-excavation practices (Evershed 305 

2008a-b: Correo-Ascencio, Evershed 2014; Roffet-Salque et al. 2017; Hammann, Cramp 2018; 306 

Fanti et al. 2018). The presence of colour residues on the pottery surfaces provides direct evidence 307 

of the (last) vessel use; nonetheless, this could not correspond to the main function(s) (Skibo 2013; 308 

Roffet-Salque et al. 2017). The biomolecular signal from vessels with colour residues could derive 309 

from an organic medium added during the preparation of colouring materials (Drieu et al. 2020), 310 

and/or from other content(s), absorbed during the last steps of vessel production or different vessel 311 

use(s) (Evershed 2008b; Drieu et al. 2019; Reber et al. 2019; Miller et al. 2020). By exploring the 312 

mineral and organic residues in connection with use-wear and morphometric features, we can better 313 

assess an eventual vessel multifunctionality or, conversely, a specific selection of pottery for the 314 

exclusive purpose of handling and storing colouring materials. 315 

After carefully sampling the sediment/residue interface, the colour residues and the interior surface 316 

with different clean scalpel blades (fig. 4), the underlying pottery was mechanically sampled and 317 

submitted to preparation and GC-FID/GC-MS analysis following established protocols 318 

(Supplementary file 2; Correo-Ascencio, Evershed 2014; Papakosta et al. 2015; Drieu et al. 2020; 319 

Reber 2021; Suryanarayan et al. 2022). 320 



 321 

Table 2. – List and description of the samples and related analyses (1: ATR-FTIR carried out with Agilent Cary 630; 2: 322 
ATR-FTIR carried out with Bruker Vertex 70; see Supplementary file 2 for detailed information). 323 

n. Pottery vessel 

/Lithic tool Id. 

Sample Id. Sample description Analytical techniques 

 

XRD 

 

ATR-

FTIR 

(1) 

 

ATR-

FTIR 

(2) 

 

SEM-

EDS 

 

 

GC-

FID/ 

GC-

MS 

1 
 TMM_soil 

Soil sample from 

US1029 

X X  X X 

2 

 TMM_geo_cm 

Chunk of red 

colouring geomaterial 

(geo_cm) 

X X  X  

3 
 TMM_geo_bas 

Geological basalt 

(geo_bas) cobble 

X  X    

4 

TMM12952 
TMM_gs1_rd 

 

Red deposit (rd) on 

basalt grinding slab 

(gs) 

X X X X  

5 

TMM F32971 TMM_ gs2_rd 

Red deposit (rd) on 

basalt grinding slab 

(gs) 

X X X X  

6 
TMM F36516 TMM_pst_wd 

White deposit (wd) 

on basalt pestle (pst) 

   X  

7 

TMM1213 TMM_pv1_is_rd 

Red deposit (rd) on 

the interior surface 

(is) of pottery vessel 

(pv) 

  X X  

 

TMM1213 TMM_pv1_es_rd 

Red deposit (rd) on 

the exterior surface 

(es) of pottery vessel 

(pv) 

  X X  

8 

TMM1877 

TMM F9286 
TMM_pv2_is_rd 

Red deposit (rd) on 

the interior surface 

(is) of pottery vessel 

(pv) 

X 

(1877) 

X 

(1877) 

X 

(F9286) 

X 

(F9286) 

 

 

TMM1877 TMM_pv2_is_p 

Pottery powder (p) 

from the vessel 

interior surface (is) 

X X   X 

9 

TMM12948 TMM_pv3_is_rd+soil 

Red deposit with soil 

residue (rd+soil) on 

the interior surface 

(is) of pottery vessel 

(pv) 

X X    

 

TMM12948 TMM_pv3_is_rd 

Red deposit (rd) on 

the interior surface 

(is) of pottery vessel 

(pv) 

X X  X  

 

TMM12948 TMM_pv3_is_p 

Pottery powder (p) 

from the vessel 

interior surface (is) 

X X   X 



10 

TMM12622 TMM_pv4_is_yd 

Yellow deposit (yd) 

on the interior surface 

(is) of pottery vessel 

(pv) 

X X X X  

 

TMM12622 TMM_pv4_is_p 

Pottery powder (p) 

from the vessel 

interior surface (is) 

X X   X 

11 

TMM12362 TMM_pv5_is_p 

Pottery powder (p) 

from the vessel 

interior surface (is) 

    X 

12 

TMM12645 TMM_pv6_is_p 

Pottery powder (p) 

from the vessel 

interior surface (is) 

    X 

13 

TMM2398 TMM_pv7_is_p 

Pottery powder (p) 

from the vessel 

interior surface (is) 

    X 

total number of analysed samples for each technique 12 12 6 10 7 

ATR-FTIR(1): Agilent Cary 630 

ATR-FTIR(2): Bruker Vertex 70 FTIR 

 324 

4. RESULTS AND DISCUSSION 325 

4.1 Elemental, structural, and mineralogical identification  326 

 327 
The presence of red deposits on different basalt ground tools (grinding slabs, flat-handstone and 328 
pestle: fig. 3) demonstrates in situ processing of the colouring minerals (Domingo et al. 2012). The 329 

three small mineral chunks probably result from the reduction of geological materials during their 330 
processing into red colouring powders, perhaps with a back-and-forth motion (Shoemaker et al. 331 

2017). Unfortunately, more specific traces, clearly referable to the technique of reduction and 332 
processing (Hodgskiss 2010), have not been identified on their surfaces. 333 

 334 
Twelve samples were analysed by PXRD, including three reference materials (TMM_soil, 335 
TMM_geo_cm, TMM_geo_bas), five red deposits from both lithic tools (TMM_gs1_rd, 336 
TMM_gs2_rd) and pottery vessels (TMM_pv2_is_rd, TMM_pv3_is_rd+soil, TMM_pv3_is_rd), 337 

one yellow deposit from a pottery vessels (TMM_pv4_is_yd), and the pottery powder as reference 338 
for the colour deposits (TMM_pv2_is_p, TMM_pv3_is_p, TMM_pv4_is_p). XRD analyses 339 
identified haematite in the five red deposits (TMM_gs1_rd, TMM_gs2_rd, TMM_pv2_is_rd, 340 
TMM_pv3_is_rd+soil, TMM_pv3_is_rd) adhering to the ground stones and the pottery surfaces, 341 

associated with quartz, micas, feldspars, and probably small quantities of pyroxenes (fig. 5, table 3). 342 
The mineralogical composition of the chunk of red ochre (TMM_geo_cm) is dominated by 343 
haematite, quartz and micas. On the contrary, haematite seems absent (or lower than the detection 344 

limit of the technique) from the soil (TMM_soil), the yellow deposit from TMM12622 345 
(TMM_pv4_is_yd), all the interior pottery surfaces and the geological basalt sample used as 346 
reference for the mineralogical composition of the grinding slabs. The soil sample is composed by 347 
quartz, micas, and feldspar, while pyroxenes are found besides feldspars in the geological basalt 348 
rock. The small amounts of pyroxenes in the red deposits from the artefacts could have been 349 

incorporated in the powder during the processing of ochre, because of the attrition with the basalt 350 
macrotools. However, these traces are very marginal, highlighting the effectiveness of the basalt 351 
ground stones in the mechanical use for processing the ochre material. Parallelly, the ubiquitarian 352 

occurrence of feldspars in all the red deposits, regardless the artefact (ground stone or pottery), 353 



points to a contamination from the soil (fig. 5). Additional diffraction peaks probably ascribable to 354 

calcite were detected in the red deposit from a basalt ground stone (TMM_gs1_rd). The 355 
mineralogical composition of the yellow deposit from TMM12622 was made up by quartz, micas 356 

and feldspars, and the presence of other iron-based yellow pigments (e.g., goethite) was not 357 
revealed.  358 

   359 

Fig.  5. Powder XRD patterns of the red and yellow deposits sampled on the surfaces of the basalt grinding slabs 360 
(TMM_gs1_rd (TMM12952), TMM_gs2_rd (TMM F32971) and pottery vessels (TMM_pv2_is_rd (TMM 1877), 361 
TMM_pv3_is_rd+soil and TMM_pv3_is_rd (TMM12948), TMM_pv4_is_yd (TMM12622), and of some reference 362 
materials, such as the soil sediment (TMM_soil), the chunk of red mineral (TMM_geo_cm), the geological basalt 363 
cobble (TMM_geo_bas), and the interior surface of the pottery (TMM_pv2_is_p,  TMM_pv3_is_p, TMM_pv4_is_p). 364 
The coloured and dashed lines have been added to depict the most intense diffraction peaks of the different 365 
mineralogical phases. 366 

 367 
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Table 3. Results of XRD analysis (X: presence, -: absence; u.a.: possible presence of small quantities). 373 

Sample Haematite Quartz Micas Feldspars Pyroxenes Calcite 

       

TMM_soil - X X X - - 

TMM_geo_cm X X X - - - 

TMM_geo_bas - - - X X - 

TMM_gs1_rd X X X X u.a. u.a. 

TMM_gs2_rd X X X X u.a. - 

TMM_pv2_is_rd X X X X u.a. - 

TMM_pv2_is_p - X X X u.a. u.a. 

TMM_pv3_is_rd+soil X X X X u.a. - 

TMM_pv3_is_rd X X X X u.a. - 

TMM_pv3_is_p - X X X - - 

TMM_pv4_is_yd - X X X u.a. - 

TMM_pv4_is_p - X X X X - 
u.a. = uncertain attribution due to the very weak diffraction peaks 374 

 375 

  376 

Fig.  6. ATR spectra of the red and yellow deposits from the basalt grinding slabs (TMM_gs1_rd (TMM12952), 377 
TMM_gs2_rd (TMM F32971), pottery vessels (TMM_pv2_is_rd (TMM1877), TMM_pv3_is_rd+soil and 378 
TMM_pv3_is_rd (TMM12948), TMM_pv4_is_yd (TMM12622)), and some reference materials, such as the soil 379 
sediment (TMM_soil), the chunk of red mineral (TMM_geo_cm), the geological basalt cobble (TMM_geo_bas), and 380 
the interior surface of the pottery (TMM_pv2_is_p,  TMM_pv3_is_p, TMM_pv4_is_p). 381 
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The same twelve samples were analysed also by ATR and the spectra are shown in fig. 6. Typical 382 

vibrational modes of adsorbed water (ca. 3400 cm-1, 1640 cm-1 corresponding to the O-H stretching 383 

and H-O-H bending, respectively), quartz and silicates (between 1200-700 cm-1) were identified, in 384 

agreement with the mineralogical composition obtained by PXRD. Although all samples are 385 

characterized by Si-O bonds, slight differences are visible in the spectra depending on the 386 

mineralogical composition. For instance, no quartz vibrational modes are visible in the geological 387 

basalt rock, which also exhibit a wider band at 1000 cm-1, probably due to the superposition of 388 

feldspars and pyroxenes signals. On the contrary, the spectrum of the chunk is sharper compared to 389 

the others. Moreover, it is worthy to note that the spectra of the sediment, pottery surfaces and red 390 

deposits are quite similar, due to the presence of the same crystalline phases. No additional 391 

information was obtained for the yellow deposit (TMM_pv4_is_yd) found in the pottery 392 

TMM12622, that did not feature additional vibrational modes in comparison with the other samples. 393 

Therefore, the yellow deposit cannot be ascribed to the presence of organic compounds detectable 394 

by ATR or crystalline phases detectable by PXRD, or they are present in a concentration below the 395 

detection limit of the two analytical techniques.Some selected red deposits on both lithic tools and 396 

pottery vessels, three of them (TMM_gs1_rd, TMM_gs2_rd, TMM_pv2_is_rd) already analysed by 397 

XRD and ATR-FTIR(1), two additional samples (TMM_pv1_is_rd, TMM_pv1_es_rd), whose 398 

amount was too low for a complete characterization, and the yellow deposit (TMM_pv4_is_yd) 399 

were analysed by ATR with another instrument that permit to study the spectral region between 650 400 

and 350 cm-1, in which the typical vibrational modes of Fe-O bonds are found, in order to confirm 401 

the presence of haematite and further investigate the composition of the yellow deposit (fig. 7).  The 402 

spectra of the deposits appear similar for all samples but that of the yellow deposit, in agreement 403 

with the XRD assignment of the same colouring material for the red deposits. In detail, vibrational 404 

modes at about 520 cm-1, between 450 cm-1 and 420 cm-1, and 400 cm-1, compatible with the 405 

haematite Eu and A2u vibrations (Cornell et al. 1996), are visible in all red deposits. Furthermore, for 406 

comparison, commercial pure haematite samples (purchased from Sigma Aldrich) in form of both 407 

micro (Hem_micro) and nanoparticles (Hem_nano) were analysed. Slight differences in the position 408 

of these bands are observed with respect to those recorded for the red deposits, which might be due 409 

to differences in sizes and shapes of the hematite particles, and possible cation substitution, as 410 

widely reported in the literature (Cornell et al. 1996). Therefore, despite the limits deriving from the 411 

overlapping with the vibrational modes of the main mineralogical phases (quartz, silicates, 412 

aluminosilicates) in these red deposits, the ATR spectra suggest a compatibility with the presence of 413 

hematite. 414 

The spectrum of the yellow deposit (TMM_pv4_is_yd) was also compared with those of two iron 415 

oxyhydroxides synthesised according to established procedures (Cornell et al. 1996), whose typical 416 

colours are yellowish, i.e., schwertmannite (Schw, Fe16O16(OH)y(SO4)z∙nH2O) and goethite (Goet, 417 

FeOOH). Schwertmannite is a poorly-crystalline Fe(III) oxyhydroxy-sulfate phase, which 418 

precipitates from acidic sulfate-rich waters (Schoepfer, Burton 2021), while goethite more easily 419 

occurs in nature, being one of the most thermodynamically stable iron oxyhydroxides at ambient 420 

temperature and the final phase of many transformations (Cornell et al. 1996). 421 

Unfortunately, it is not possible to conclude on the presence of such iron oxyhydroxides in the 422 

sample TMM_pv4_is_yd, due to the copresence of high amount of different crystalline phases, as 423 

evinced by XRD, which contribute to the complexity of the spectrum, and absence of information 424 

on the crystalline Fe-bearing phases. Indeed, the main bands present in the spectrum, i.e., those at 425 

about 800 cm-1 and 470 cm-1 and the shoulder in the range 600-550 cm-1 are ascribable to the 426 



symmetric stretching of Si-O-Si groups of quartz and the silicate phases, and their bending modes, 427 

respectively. 428 

    429 

Fig.  7. ATR spectra in the region 700-350 cm-1 of the red and yellow deposits from the basalt grinding slabs 430 
(TMM_gs1_rd (TMM 12952), TMM_gs2_rd (TMM F32971), pottery vessels (TMM_pv1_es_rd, TMM_pv1_is_rd 431 
(TMM 1213), TMM_pv2_is_rd (TMM 1877), TMM_pv4_is_yd (TMM 12622) and reference materials (Hem_nano, 432 
Hem_micro, Schw, Goet) (Image: V. Mameli). 433 

 434 

Seven out of the twelve samples analysed by XRD and ATR-FTIR were characterised also by 435 

SEM-EDS to determine the elemental composition. In addition, two more samples of red deposits 436 

from a pottery vessel (the same analysed by ATR-FTIR(2), TMM_pv1_is_rd, TMM_pv1_es_rd 437 

(TMM1213) and the white deposit from the basalt pestle (TMM_pst_wd) were analysed. EDS 438 

analyses showed the presence of Fe in the mineral chunk (weight concentration > 60%) confirming 439 

the presence of a colour material based on α-Fe2O3 (haematite), together with Si and Al, in 440 

agreement with the XRD and ATR-FTIR analyses. This composition suggests the identification of 441 

this sample as ochre, specifically an iron oxide rich (> 80%wt. of Fe2O3) mixture with 442 

aluminosilicate phases (6-9%wt. of SiO2, 3-5%wt. of Al2O3) (Siddall 2018; Mastrotheodoros, 443 

Beltsios 2022). Moreover, Fe was present in all the analysed red deposits from grinding slabs 444 

(TMM_gs1_rd, TMM_gs2_rd) and pottery (TMM_pv1_is_rd, TMM_pv1_es_rd, TMM_pv2_is_rd, 445 

TMM_pv3_is_rd) (fig. 8, table 3), with mean atomic concentration (in the range 3-10%) higher than 446 

that of the soil sample (TMM_soil, about 2%). Since no evidence for the presence of Hg was found, 447 

it is possible to hypothesise the absence of cinnabar as red pigment, besides haematite. Therefore, 448 

only one type of red mineral (haematite-rich) seems to have been used in the TMM site. 449 

SEM-EDS analysis on the white deposit from the basalt pestle (TMM_pst_wd) clearly points out 450 
the presence of Ca and P as major elements (about 12% and 7% as mean atomic concentrations, 451 
respectively), that based on the semi-quantitative analysis (table 4) does not arise from a soil 452 
contamination (mean atomic concentrations lower than 2%), and can be ascribed to calcium 453 
phosphate, the main component of bones (Vieugué et al. 2015). A further confirmation of the 454 
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presence of bone residues is associated with the detection of small amount of F and the typical 455 

fibrous structure (fig. 9). 456 
The elemental composition of the yellowish sample TMM_pv4_is_yd reveals the presence of Fe 457 

with percentages analogue to those observed for the red deposits, but unfortunately this cannot be 458 
interpreted as a proof of the presence of Fe-bearing colouring materials, since no other evidence 459 
was found, either by XRD or ATR-FTIR. 460 
In order to better visualise the differences among the samples, based on the elemental composition, 461 
the atomic ratios for the most informative elements, i.e., Fe/(Si+Al), Ca/(Si+Al), and P/(Si+Al), 462 

were calculated as reported in table 5 and a representative graph of Ca/(Si+Al) versus Fe/(Si+Al) 463 
was obtained (fig. 10). As expected, the white deposit and the mineral chunk are opposite in the plot 464 
and separate with respect to the other samples; the red deposit collected from the external surface of 465 
the pottery vessel TMM1213 (TMM_pv1_es_rd) shows a higher relative Ca and P content than the 466 
other red deposits. 467 

A higher percentage of Ca and P was also detected in the red deposit from one of the basalt grinding 468 

slab (TMM_gs2_rd), in agreement with bone processing, as suggested by the possible presence of 469 

calcite by XRD analysis, a typical component of bone tissues. 470 
The absence of calcite in the mineral chunk indicates that this mineral was not a component of the 471 

geological sample. Some studies showed the practice of adding other minerals (clays and/or calcite) 472 

to ochre during different phases of the production sequence of the pigments (García Borja et al. 473 

2004; Domingo et al. 2012). The detection of very low quantities of Ca by SEM-EDS in all the red 474 

deposits (except for weak traces only on a grinding slab or in the external surface of the pottery 475 

vessel TMM1213), suggests that no charge was deliberately mixed in manufacturing the red 476 

colouring materials at TMM. The distribution of powdered bone (white deposits) and red deposits 477 

on the pestle and the occurrence of weak traces of calcite in the red deposit from a grinding slab 478 

point to distinct and sequential uses for grinding different materials, not necessarily associated in 479 

the same final product. Therefore, these findings highlight the multifunctionality of the macrolithic 480 

tools in the TMM site. 481 

The production of bone powder is attested in several ethnographic and archaeological contexts, for 482 

various purposes, ranging from consumption (as a component of meals or medicinal remedies) to 483 

technical application, e.g., as white colouring material (Giustetto et al. 2013; Vieugué et al. 2015; 484 

Ge et al. 2021). However, comparable white deposits were not found on pottery vessels nor other 485 

artefacts at TMM. Although the occurrence of white fillings on MNB decorated vessels is reported 486 

in the literature (see 2 paragraph), at this stage of research, the eventual use of bone powder as a 487 

white colouring material in the TMM site cannot be further discussed. 488 

 489 



 490 

 491 

Fig.  8. Backscattered SEM micrographs (a, b, d, e, g, l) of some ochre residues and EDS spectra (c, f, h, i, m, n) 492 
(Image: B. Melosu, V. Mameli). 493 
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  495 

Fig.  9. SEM micrograph (a) and EDX spectrum (b) of bone fragments and ochre powder on the basalt pestle TMM 496 
F36516 (Image: B. Melosu, V. Mameli). 497 

 498 

Table 4. Semi-quantitative data obtained by SEM-EDX spot analyses. Each row for each sample represents the data for 499 
a different spot on the sample. Other elements were detected besides those listed in the table: carbon (C), oxygen (O), 500 
fluorine (F), chlorine (Cl), nitrogen (N), sulphur (S), titanium (Ti), and manganese (Mn). 501 

Spot analysis Atomic concentration (%) 

Sample\Elements Fe Si Al K P Ca Mg Na 

TMM_soil 

2.41 

2.07 

0.93 

1.05 

3.52 

2.14 

2.21 

24.43 

17.20 

17.52 

12.15 

18.75 

18.35 

17.97 

7.61 

5.76 

4.72 

5.08 

7.79 

7.44 

7.03 

2.38 

0.88 

0.54 

0.51 

1.32 

1.12 

0.93 

- 

- 

- 

2.40 

- 

0.55 

- 

0.72 

0.89 

0.46 

4.65 

1.15 

1.22 

0.58 

0.97 

1.42 

0.81 

1.13 

1.27 

1.20 

1.30 

0.29 

0.20 

0.33 

1.23 

0.43 

0.19 

0.15 

TMM_geo_cm 

40.80 

43.72 

48.93 

50.39 

6.17 

5.74 

5.08 

4.85 

3.73 

3.74 

3.18 

3.24 

0.85 

0.96 

0.65 

0.88 

- 

- 

- 

- 

0.60 

0.59 

0.48 

0.87 

0.36 

- 

- 

- 

0.14 

- 

- 

- 

TMM_gs1_rd 

(TMM 12952) 

1.69 

2.09 

1.73 

2.99 

2.20 

11.41 

27.42 

4.21 

14.06 

6.28 

17.61 

9.60 

23.54 

14.97 

1.38 

4.05 

2.59 

6.05 

4.45 

8.55 

4.88 

0.23 

0.61 

0.34 

0.96 

0.45 

2.57 

2.44 

- 

0.38 

0.35 

0.70 

0.41 

0.45 

0.45 

0.38 

1.25 

1.26 

1.91 

1.54 

3.57 

8.11 

0.35 

0.68 

0.49 

1.06 

0.71 

0.77 

0.40 

0.08 

0.39 

0.19 

0.24 

0.46 

0.35 

0.10 

(a) TMM_pst_wd

5 μm

(b)



TMM_gs2_rd 

(TMM F32971) 

10.88 

14.96 

4.67 

3.33 

14.45 

11.16 

17.52 

17.28 

12.85 

3.41 

17.67 

23.91 

6.32 

5.95 

6.37 

1.76 

7.07 

9.91 

1.09 

1.37 

0.71 

0.20 

1.20 

3.72 

1.63 

1.85 

0.52 

5.13 

2.22 

0.77 

3.14 

4.71 

0.84 

8.54 

4.62 

2.40 

1.09 

0.81 

1.12 

0.36 

1.09 

0.92 

0.19 

0.46 

0.48 

0.42 

0.63 

0.26 

TMM_pst_wd 

(TMM F36516) 

0.33 

0.43 

0.48 

0.60 

0.58 

1.16 

1.98 

1.73 

2.40 

1.98 

0.62 

0.92 

0.87 

1.20 

0.85 

- 

- 

0.04 

0.09 

- 

6.22 

5.40 

7.23 

8.67 

7.78 

10.95 

8.99 

12.74 

14.96 

15.04 

0.54 

0.72 

0.81 

1.02 

0.72 

0.30 

0.26 

0.36 

0.38 

0.19 

TMM_pv1_is_rd 

(TMM1213) 

4.10 

2.74 

2.23 

2.38 

5.76 

8.92 

20.36 

11.50 

12.63 

17.43 

4.07 

6.26 

5.10 

4.16 

7.69 

0.96 

0.78 

0.95 

0.68 

1.02 

0.35 

- 

0.32 

0.22 

0.44 

1.18 

1.09 

0.95 

0.95 

1.06 

0.70 

1.21 

0.82 

0.64 

1.31 

0.14 

0.08 

0.17 

0.22 

0.34 

TMM_pv1_es_rd 

(TMM1213) 

1.09 

6.49 

1.95 

1.78 

20.66 

5.00 

5.17 

2.98 

8.08 

2.37 

2.74 

1.47 

- 

0.42 

0.35 

0.22 

0.89 

3.07 

7.01 

4.54 

1.28 

4.61 

11.52 

8.01 

- 

0.37 

0.51 

0.40 

5.97 

0.25 

0.07 

0.22 

TMM_pv2_is_rd 

(TMM F9286) 

15.36 

3.89 

6.84 

21.16 

21.86 

2.83 

3.84 

1.85 

3.24 

11.28 

13.89 

9.36 

6.26 

12.73 

8.62 

6.94 

9.94 

17.21 

4.17 

6.50 

4.90 

3.14 

3.58 

3.38 

2.60 

4.08 

6.03 

0.60 

0.82 

0.61 

0.21 

0.63 

0.31 

0.38 

0.46 

0.86 

0.39 

- 

0.37 

- 

- 

0.14 

0.15 

0.48 

- 

0.95 

0.77 

3.11 

0.15 

0.67 

0.38 

0.39 

1.19 

1.08 

0.72 

1.09 

1.06 

0.35 

0.42 

0.41 

0.55 

0.81 

1.24 

0.24 

0.28 

0.22 

- 

- 

- 

- 

0.24 

0.27 

TMM_pv3_is_rd 

(TMM12948) 

5.94 

1.45 

2.02 

1.24 

4.54 

1.93 

17.44 

16.06 

13.30 

18.83 

16.06 

16.56 

3.33 

5.56 

4.11 

6.56 

5.79 

5.43 

0.43 

1.20 

0.43 

1.55 

0.71 

0.82 

3.09 

1.61 

0.58 

- 

1.02 

6.61 

2.94 

1.06 

0.68 

1.85 

0.60 

0.72 

0.76 

0.49 

1.12 

0.24 

0.72 

0.07 

2.47 

0.04 



TMM_pv4_is_yd 

(TMM12622) 

2.70 

15.46 

4.69 

5.68 

4.79 

11.84 

24.22 

13.80 

12.91 

13.96 

2.98 

7.51 

5.06 

4.90 

5.01 

0.36 

2.05 

0.86 

0.70 

0.73 

1.17 

4.32 

2.16 

1.82 

1.58 

1.39 

5.40 

2.53 

1.98 

2.13 

0.82 

1.33 

1.31 

1.25 

1.20 

0.09 

0.16 

0.17 

0.07 

0.26 

 502 

Table 5. Mean values of the atomic concentration ratios Fe/Si+Al, Ca/Si+Al, and P/Si+Al for the samples analysed by 503 
SEM-EDX. 504 

Sample\Atomic ratios 
Fe/Si+Al 

media 

Ca/Si+Al 

media 

P/Si+Al 

media 

TMM_soil 0.06 0.04 0.01 

TMM_geo_cm 1.43 0.02 absent 

TMM_gs1_rd 

(TMM 12952) 
0.22 0.08 0.01 

TMM_gs2_rd 

(TMM F32971) 
0.31 0.13 0.06 

TMM_pst_wd 

(TMM F36516) 
0.02 0.39 0.22 

TMM_pv1_is_rd 

(TMM1213) 
0.11 0.03 0.01 

TMM_pv1_es_rd 

(TMM1213) 
0.09 0.20 0.12 

TMM_pv2_is_rd 

(TMM F9286) 
0.28 0.03 0.01 

TMM_pv3_is_rd 

(TMM12948) 
0.09 0.07 0.03 

TMM_pv4_is_yd 

(TMM12622) 
0.21 0.08 0.07 

 505 



 506 

Fig.  10. Scatter plot of the mean atomic concentration ratios Fe/Si+Al versus Ca/Si+Al obtained for the samples 507 
analysed by SEM-EDX. (b) is a zoomed area of the (a) graph (Image: V. Mameli). 508 

 509 

4.2 The use of pottery vessels with residues of colouring materials  510 

Red deposits with different thickness and distribution on the surfaces were identified on twelve 511 

sherds pertaining to five individual vessels (fig. 11-12). As already noted, XRD analyses detected 512 

haematite only in red deposits, whereas this mineral was absent from the interior pottery surfaces 513 

and the soil sample (table 3). The yellow deposit on the interior surface of another vessel (fig. 12) 514 

was not traceable to an iron (hydr)oxide-based pigment, neither to an organic residue, as revealed 515 

by XRD, ATR and SEM-EDS analyses (table 3-4, fig. 5-9). Consequently, its origin and function 516 

remain unknown. Moreover, no clear evidence of white residues was found on pottery: this suggests 517 

a different use for the bone powder processed with lithic tools. 518 

(b)

(a)



By evaluating the data about morphotypology, morphometry and main technological features of the 519 

vessels in relation to the results of use-wear analysis and archaeometric identification of the colour 520 

residues, the functional characterisation of the vessels and their role in relation with colouring 521 

materials can be elucidated (table 6).522 



Table 6. Integrated functional analysis of TMM pottery vessels with colour deposits. 523 

 Vessel/sherd 

number 

Vessel 

morpho-type 

Position of residues Appearance and 

distribution of residues 

Attritions Vessel 

morpho-

metry 

Technology Analysis of colour 

residues: diagnostic 

features 

GC-FID and 

GC-MS 

analysis of 

absorbed 

organic 

residues 

Assigned functional 

category 

Ext surf Int surf Ext surf Int surf Ext surf Int surf 

1 TMM1213 

 

Bowl with 

stepped wall 

Medium 

wall 

Medium 

wall 

Red 

deposit, 

covering 

Red 

deposit, 

covering 

 Horizontal 

and oblique 

linear 
scratches 

nd Fine paste, 

polished 

SEM-EDS: Fe-rich 

ATR-FTIR: haematite 

Not analysed Processing (and storing?) 

ochre or ochre-based 

product 

2 TMM1877 

 
 

 

TMM F9286, 
TMM12839 

Bowl with 

slightly 
concave base 

Lower 

wall 
 

 

Lower 
wall 

Lower 

wall 
 

 

Lower 
wall, 

bottom 

Red 

spots, 
indirect 

staining 

Small red 
spots, 

indirect 

staining 

Red 

deposit, 
covering 

 

Red 
deposit, 

covering 

 

 
 

 

Slight 
peripheral 

base 

abrasion 

Horizontal 

and oblique 
linear 

scratches 

Horizontal 
and oblique 

linear 

scratches 

 

 
 

 

Base Ø 60 
mm 

Vol. min.  

430 mL 

Fine paste, 

burnished 

SEM-EDS: Fe-rich 

ATR-FTIR: haematite 
XRD: haematite 

 

SEM-EDS: Fe-rich 

Concentration 

< 5 µg/g 

Processing (and storing?) 

ochre or ochre-based 
product 

3 TMM1974, 

TMM12645  

Closed deep 

jar 

 Upper 

wall, rim 

 Red 

subcircular 

deposits, 
localised 

  Rim Ø 160 

mm 

Vol min. 500 
mL 

 

Medium 

paste, 

burnished 

Not analysed (small 

residues) 

Concentration 

< 5 µg/g 

Storing ochre powder or 

ochre-based product 

4 TMM2398 Flat base 

(closed deep 

jar?) 

Lower 

wall 

 Very thin 

layer of 

red 

deposit, 

covering 

   nd Fine paste, 

burnished 

Not analysed (thin 

layer) 

Concentration 

< 5 µg/g 

Vessel for storing liquids, 

exterior surface coated 

with diluted ochre 

5 TMM12362, 

TMM2037 

 

Closed deep 

jar with 

stepped wall 

Upper 

wall 

 Very thin 

layer of 

red 
deposit, 

covering 

   Rim Ø 80 

mm 

 
Vol min. 

1500 mL 

Very fine 

paste, 

burnished 

Not analysed (thin 

layer) 

Concentration 

< 5 µg/g 

Vessel for storing liquids, 

exterior surface coated 

with diluted ochre  

6 TMM12622 Closed deep 

jar 

 Upper 

wall 

 Thin 

yellow 
deposit, 

covering 

  Rim Ø 100 

mm 
Vol. min.  

920 mL 

Fine paste, 

burnished 

SEM-EDS: Fe-rich 

XRD: no diagnostic 
minerals 

ATR_FTIR: not 

diagnostic 

Concentration 

< 5 µg/g 

Storing undetermined 

product (colouring 
material?) 

7 TMM12948, 

TMM2009 

Bowl with 

everted rim  

Upper 

wall 

Upper 

wall 

Red 

deposit, 

covering 

Red 

deposit, 

covering 

 Horizontal 

and oblique 

linear 
scratches 

Rim Ø 140 

mm 

Vol. min. 700 
mL 

Fine paste, 

polished 

SEM-EDS: Fe-rich 

XRD: haematite 

Concentration 

< 5 µg/g 

Processing (and storing?) 

ochre or ochre-based 

product 

 524 



All but one (TMM1974) vessel with colour residues were fashioned with fine or very fine pastes, 525 

and accurately burnished or polished, matching the typical features of most MNB pottery (Fanti 526 

2019). First, in two bowls (TMM1213 and TMM12948), red residues identified as haematite-rich 527 

deposits (table 6), covering the interior and exterior surfaces, were associated with horizontal and 528 

oblique fine linear scratches on the interior surface (fig. 11). Comparable attrition was found in a 529 

bowl with slightly concave base (TMM1877/TMM F9286), possibly pertaining to the same vessel 530 

as TMM1213 or TMM12948 but bearing red deposits only on the interior lower wall and bottom, 531 

with small spots (indirect staining) on the exterior surface. This use-alteration pattern could be 532 

traced back to the effective use of the vessels for processing and mixing ochre, alone or as a main 533 

ingredient of composite products, possibly in a liquid medium (water?). The rim diameter of the 534 

bowls (ca. 140 mm) and their low restricted mouth enabled handling of the contents (with an 535 

estimated total volume of 1 L) with or without tools. The distribution of covering deposits on the 536 

upper/medium portions of the exterior surfaces could have been caused by pouring the content. 537 

Moreover, the lower portion TMM F9286 had a slight peripheral abrasion on the external base, 538 

suggesting movement of the bowl during use activities (fig. 11; Vieugué 2014; Fanti et al. 2018; 539 

Fanti 2019; Van Gijn et al. 2020).  540 

Secondly, localised red deposits occurred on the upper interior surface and rim of a closed deep jar 541 

(TMM1974/TMM12645; fig. 12), but their small amount did not allow analysis. Based on the 542 

appearance of the deposits and the morphotypological and dimensional characteristics of the vessel 543 

(table 6), this jar could have been used for storing ochre, in the form of powdered material, not well 544 

adhering to the pottery surface, or contents including small amounts of ochre powder as a 545 

component.  546 

Finally, the presence of a very thin layer of red deposit only on the exterior surface of sherds, 547 

pertaining to closed deep “stepped-wall” jars (TMM12362/TMM2037, TMM2398; fig. 12), was 548 

compatible with the application of a highly diluted slip (Gallay et al. 2012; Jones et al. 2019). The 549 

application of a red coating is an unconventional choice in the manufacturing process of MNB 550 

pottery. Nevertheless, at TMM this behaviour appeared to be strictly limited to closed deep vessels, 551 

which are rare and little known in MNB sites (Fanti 2015). Some experimental works investigated 552 

the functional efficacy of iron-rich coatings in enhancing performance characteristics of pottery: 553 

interestingly, red slips can be useful in reducing absorption of oily contents, but do not significantly 554 

help limit water absorption (Longacre et al. 2000; Rueff et al. 2021). The localisation of the coating 555 

only on the exterior surface of TMM jars, together with the absence of lipid residues, suggest an 556 

aesthetic and/or symbolic purpose, but a functional aim cannot be excluded.  557 

Although lipid traces (mainly fatty acids) were detected in the extracts from six sherds with colour 558 

deposits, together with contaminants from plastics, their concentration was lower than the 559 

conventional established threshold of 5 µg/g in all the samples (fig. 13; Whelton et al. 2021). In 560 

previous work on the pottery from TMM, very low or no lipid amounts were detected in some 561 

carinated bowls and jars, besides bowls, pots and big size vessels containing dairy and ruminant 562 

adipose fats (Fanti et al. 2018). Interestingly, neither solvent extraction nor acidified methanol 563 

extraction provided sufficient release of lipids from TMM samples (fig. 13; Correa-Ascencio, 564 

Evershed 2014; Papakosta et al. 2015; Reber 2021). These results can be related to several factors 565 

(or a combination of them): the use of vessels for low or no lipidic contents (ochre alone or simply 566 

mixed with water), the low porosity of the vessels (Correa-Ascencio, Evershed 2014; Drieu et al. 567 

2019), the absence of a thermic treatment, which can enhance mobilisation of lipids and absorption 568 

into the pottery matrix (Evershed 2008b), a complete degradation of the lipidic signal, and, 569 



ultimately, a role played by the properties of ochre in limiting the transfer of lipids into the pottery 570 

walls (Audouin, Plisson 1982; Rueff et al. 2021). 571 

Therefore, in TMM vessels, the association of animal fat or vegetal oil with ochre, potentially 572 

referable to the addition of a liquid/viscous medium to the pigment, was not demonstrated by GC 573 

analysis; mixing ochre with a binder cannot be definitively ruled out, notably if it was a proteinic 574 

product, such as egg or collagen-based animal glue, or other low-lipid materials, whose 575 

biomolecular components would have been rapidly degraded during burial (Rampazzi et al. 2007; 576 

Evershed 2008a; Hammann, Cramp 2018; Kozowyk et al. 2020; Miller et al. 2020; Whelton et al. 577 

2021). Nonetheless, the preparation of ochre-based products could have been also conducted simply 578 

by adding water (Couraud 1983; Taçon 2012).  579 



 580 

Fig.  11. Pottery vessels with red deposits from the TMM site: 1) TMM12948: a, graphical reconstruction of the vessel 581 
morphology, b, red deposits on the interior and exterior surfaces, c, detail of the red deposit (stereomicroscope, 10x); 2) 582 
TMM1213: a) attritions (horizontal and oblique linear scratches) and red deposits on the interior surface, b, detail of the 583 
linear scratches and red deposits on the interior surface (stereomicroscope, 10x), c, overall view of the sherd with red 584 
deposits on the interior and exterior surfaces, d) drawing of the vessel profile; 3) TMM F9286: a, red deposits on the 585 
interior surface, b, peripheral base abrasion on the exterior surface, c, graphical reconstruction of the vessel morphology 586 
(Image, photo and drawings: L. Fanti). 587 



 588 

 589 

Fig.  12. Pottery vessels with colour deposits from the TMM site: 1) TMM1974: a, deposits of red ochre on the interior 590 
surface; b, graphical reconstruction of the vessel morphology; 2) TMM12622: a, yellow deposit on the interior surface; 591 
b, graphical reconstruction of the vessel morphology; 3) TMM2037: a, sherd with thin coating of red ochre on the 592 
exterior surface; b, reconstructed morphotype (closed deep jar with “stepped wall” TMM4086); 4) TMM2398: a, thin 593 
coating of red ochre on the exterior surface; b, drawing of the vessel. (Image, photos, and drawings: L. Fanti). 594 



 595 

 596 

Fig.  13. Partial gas chromatograms of (a) solvent (dichloromethane/methanol) extracted and (b) acidified methanol 597 
extracted samples from TMM sherds, showing insufficient lipid residues for interpretation. Cn:0: saturated fatty acids 598 
with n carbon atoms; Cn:x unsaturated fatty acids with n carbon atoms; Ax: n-alkanes containing x carbon atoms; IS: 599 
internal standard (C34 n-tetratriacontane), IS1: C34 n-tetratriacontane; IS2: C36 n-hexatriacontane; *: plasticisers 600 
(phthalates), *D: 13-docosenamide (Image: L. Fanti). 601 
  602 

 603 



 604 

Fig.  14. Overall functional structure of the pottery assemblage from TMM site, defined by combining use-wear 605 
analysis and data on contents, including vessels associated with colouring materials. 1: data from Fanti et al. 2018. 606 
Measures in mm refer to the rim diameter range in the different functional categories (Image, photo and drawings: L. 607 
Fanti). 608 

 609 

It is worth considering the use of vessels with colouring materials in the framework of the overall 610 

functional structure of the pottery assemblage from TMM (fig. 14; Fanti et al. 2018; Fanti 2019). 611 

Pottery appears to be involved both with the management of haematite-based materials (processing, 612 

storing) and their final use (coating of vessel surface). The vessels seem to have been chosen for 613 

these purposes according to their morphology and morphometry: closed deep jars for storing (rim 614 

Ø: 80-160 mm), low restricted and shallow bowls for processing/storing (rim Ø: 140 mm), in front 615 

of a wider range of morphologies and dimensions of bowls (rim Ø: 80-240 mm) used for 616 

serving/eating fats and low-lipid products (Fanti et al. 2018, Fanti 2019). No pots, ladle-bowls nor 617 

big-size vessels were (re)used for colouring materials.  618 

Overall, the specimens with ochre deposits correspond to 4% of the total number of individual 619 

vessels (138). Consequently, the role of pottery in handling haematite-rich products could appear to 620 

have been marginal: nonetheless, this could be also related with the value of ochre, as a precious or 621 

symbolically invested material, involved only in infrequent activities, and/or in activities requiring 622 

low amount of product each time. As regards the possible multifunctionality or reuse of the vessels, 623 

the absence of absorbed lipids into the pottery walls might indicate that these bowls and jars have 624 

been previously utilised also to serve, eat or store low-lipid contents, or they were only used for the 625 

specific purpose of containing ochre. However, they do not seem to have been frequently moved, 626 

considering the low abrasion of the external bases (Vieugué 2014; Fanti 2019).   627 

In the TMM site, the occurrence of ochre as residue of the original vessels contents stimulates 628 

further discussion on the effective use of ochre-based products. In addition to its application as a red 629 

pigment, ochre might have been involved in various technical activities, the best known of which is 630 

hide processing, where ochre can be exploited for its abrasive properties but can also take effect as 631 

preservative agent (Audouin, Plisson 1982; Rifkin 2011). Moreover, ochre can be used as an 632 

abrasive addictive in polishing wood or bone artefacts (Domingo et al. 2012) or as a charge in the 633 

production of hafting glues (Wadley 2005; Kozowyk et al. 2020). Nevertheless, no evidence of 634 

these kinds of uses has been identified in TMM nor in other MNB contexts thus far. As highlighted 635 

by many ethnoarchaeological studies, besides culinary functions, pottery vessels are sometimes 636 

used as containers for storing raw materials for technical activities (Arnold 1985; Deal 2011), for 637 



preparing and storing products for body care and hygiene, as well as medical remedies (Gosselain, 638 

Van Berg 1992; Diop 2000; Insoll 2011; Gallay et al. 2012; Grillo 2014; Huysecom et al. 2017). 639 

The pottery vessels from TMM could have been also used to prepare and store not only ochre as 640 

pigment or abrasive/prophylactic additive for technical activities, but also specific haematite-based 641 

products for body decoration (Dater-Wolf et al. 2021) or for topical application, e.g., to treat 642 

wounds or diseases (Salomon 2009, with references therein; Teklay et al. 2022). As a matter of fact, 643 

haematite/red ochre was a component of ancient and traditional medicines worldwide (Shemluck 644 

1982; De Vos 2010; Kadioglu et al. 2016; Fazil, Nikhat 2020; Knapp et al. 2021; Russell et al. 645 

2021; Li et al. 2022). In this sphere, an intriguing possibility for the presence of residues in pottery 646 

vessels could be the consumption of ochre, alone or mixed with other edible components in 647 

medicinal remedies (Russell et al. 2021). Interestingly, eating of ochre (as well as different kinds of 648 

clays) for magical-medical purposes, a behaviour imbued of deep symbolic implications, is attested 649 

in some ethnographic contexts (Teklay et al. 2022). Moreover, ochre can be added to food as an 650 

antimicrobial agent (Couraud 1983, Taçon 2012 p. 34 with references therein). Although similar 651 

uses cannot be directly proved at TMM and, generally, in prehistoric contexts, they cannot be 652 

definitively ruled out, especially in household settlements. A connection between the activities 653 

carried out at TMM and the decoration of special items or ritual/funerary practices performed 654 

elsewhere is equally another possibility. 655 

By combining all the data obtained through our integrated analysis, a first picture of the technology 656 

of ochre in the MNB open-air settlement of TMM, including the role assigned in that to pottery 657 

vessels and its possible actual uses, can be finally proposed (fig. 15). 658 

 659 

Fig.  15. Partial chaîne opératoire of red ochre in the TMM site, with attested or possible uses of haematite-based 660 
products. Black: state of material; blue: transformation phases; green: storing phases; red: use activities (Photos: B. 661 
Melosu; image and drawings: L. Fanti). 662 

 663 
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 665 



5. CONCLUSIONS 666 

In this study, the technology of colouring materials, particularly red ochre, in Sardinia during the 667 

Middle Neolithic has been addressed through an interdisciplinary approach, combining functional 668 

analysis of pottery and study of lithic macro-tools together with a multi-technique archaeometric 669 

identification of the elemental, structural and mineralogical composition of geomaterials and colour 670 

residues on artefacts. Based on previous data, the processing and use of (not analysed) “red ochre” 671 

was mainly related to burials and, secondarily, to decoration. This work broadened knowledge 672 

about the technology of colouring material, integrated in the activities carried out by MNB societies 673 

in an open-air household settlement. Our results demonstrated the processing and use of haematite-674 

rich ochre as the exclusive red colour-producing material, occurring both as deposits on artefacts 675 

and residual chunks, from in situ transformation. Additional analyses are needed to assess whether 676 

all samples come from a single or multiple ochre sources, thus resulting from a unidirectional or a 677 

composite network of supply of raw materials. Further mandatory step of the research should 678 

include systematic investigation into the provenance of geomaterials (Lugliè 2020b).  679 

The integrated analysis showed the role of basalt macro-tools (grinding slabs, pestle) and pottery 680 

(bowls, jars), used for handling ochre. Significantly, basalt tools were associated with red ochre 681 

from Early until Late Neolithic in Sardinian sites (Agosti et al. 1980; Trump 1983; Santoni 2019): 682 

this could reflect a long-lasting recognised effectiveness of this igneous rock for processing 683 

activities related to colouring materials. At TMM, ochre was used as pigment, applied on the 684 

exterior surface of few jars, probably for aesthetic and/or symbolic purposes. The analysis of use 685 

alteration associated with haematite-rich deposits in some shallow bowls and a closed deep jar 686 

points to the selection of these morphotypes in processing and storing ochre or haematite-based 687 

products; however, mixing with organic components was not demonstrated. As suggested by 688 

ethnoarchaeological, experimental and ethnopharmacological studies, the actual uses of red ochre in 689 

household settlements could encompass various technical applications (as drying, abrasive, 690 

preservative agent), and possibly medicinal purposes, besides the colouring function for decorating 691 

durable or perishable artefacts (and body?) and its symbolic connection with ritual or funerary 692 

contexts. 693 

Diachronically, the exploitation of colouring materials in Sardinia seems to grow progressively 694 

throughout the Early and Middle Neolithic (fig. 1), culminating in the widespread adoption and 695 

utilisation of pigments in pottery decoration and wall paintings in the Domus de Janas hypogeal 696 

tombs from the Late Neolithic (4th millennium cal BCE; Rampazzi et al. 2002; Tanda 2003; Tanda 697 

et al. 2003; Rampazzi et al. 2007; Melosu 2020). New systematic investigation is necessary to 698 

highlight continuity or crucial innovation points in the management systems of colouring materials 699 

(selection of geomaterials, procurement, processing, handling and storing methods, role of pottery 700 

vessels), in relation with other evidence of cultural shifts in the different Neolithic phases.  701 

At this stage of the research, the general lack of techno-functional studies on colouring materials 702 

limits a deeper interpretation of the results from the TMM site in a wider perspective. The most 703 

interesting chrono-cultural sphere for comparison can be found in the central-northern peninsular 704 

regions of Italy: various archaeological clues (pottery decorations, obsidian circulation, ornaments, 705 

and particular funerary customs, i.e. cremation) showed the bidirectional relationships and 706 

influences between MNB groups and Square Mouth pottery (SMP) societies (Lugliè et al. 2019; 707 

Lugliè 2020a-b; Paba et al. 2021). Specifically, pigments were involved in pottery decoration, 708 

notably in the SMP “meander-spiral” style, and related to the symbolic sphere (funerary sites, 709 

anthropomorphic figurines); moreover, pottery vessels were used for storing red ochre in several 710 



SMP contexts (Bernabò Brea et al. 2006; Bernabò Brea, Mazzieri 2011). The practices involving 711 

colouring materials would complement the evidence on the movements of objects, people, and ideas 712 

from and towards the islands across the Tyrrhenian Sea during the 5th millennium. 713 

Nevertheless, only the multiplication of integrated functional and archaeometric approaches in other 714 

Mediterranean regions could lead to better define analogies and identify divergences among 715 

technical traditions and symbolic expressions of different Neolithic groups, and, with regard to 716 

Sardinia and other insular regions (e.g., Corsica), to elucidate the role played by seafaring contacts 717 

in shaping and diffusing techniques and behaviours related to “colouring materials”. Hopefully, 718 

further research should evaluate the use of ochre for its multiple properties (Pradeau 2015), 719 

particularly when associated with pottery vessels, both from a regional and interregional viewpoint, 720 

exploiting the many reported remains bearing colour residues from Neolithic contexts within the 721 

Western Mediterranean area. 722 
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